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Abstract
In multiple-input multiple-output (MIMO) systems the horizontal orientation of a linear array
has, in some situations, a large inﬂuence on the available channel capacity. In this paper we
investigate the effect of horizontal array orientation on channel capacity, eigenvalue distribution
and antenna complex correlation coefﬁcient in such systems. We present channel measurements
in an ofﬁce corridor environment for a 6 6 MIMO system and compare the capacity results to
those of a physical and non-physical model based on the measurements. The results show that
under LOS conditions the channel capacity can vary signiﬁcantly depending on the receiver array
orientation in the horizontal plane.
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Abstract—In multiple-input multiple-output (MIMO) systems
the horizontal orientation of a linear array has, in some situa-
tions, a large inﬂuence on the available channel capacity. In this
paper we investigate the effect of horizontal array orientation on
channel capacity, eigenvalue distribution and antenna complex
correlation coefﬁcient in such systems. We present channel
measurements in an ofﬁce corridor environment for a 6 × 6
MIMO system and compare the capacity results to those of a
physical and non-physical model based on the measurements. The
results show that under LOS conditions the channel capacity can
vary signiﬁcantly depending on the receiver array orientation in
the horizontal plane.
I. INTRODUCTION
Large capacity gains in wireless systems can be achieved
by using multiple antennas at the receiver and the transmitter
[1] [2] [3]. These so called multiple-input multiple-output
(MIMO) systems are therefore of great interest to the wireless
industry. During the recent years, numerous investigations of
the channel capacity have been performed to ﬁnd out how the
capacity is affected by, e.g., antenna correlation [4], antenna
conﬁguration [5], array size, etc. Measurement campaigns
have been carried out to verify the theoretical results and to
ﬁnd realistic MIMO channel models [6] [7] [8]. The effects
of the vertical array orientation on channel capacity has been
studied for different indoor propagation environments in [9],
where the corresponding antenna correlation coefﬁcients were
presented.
In this paper we study the effect on the capacity when
the receiving array is rotated in the horizontal plane. The
differences in the capacity are measured in an indoor cor-
ridor environment with a center frequency of 5.475 GHz.
We investigate the eigenvalue distribution and the antenna
correlation coefﬁcient for the different orientations to explain
the differences in capacity. The measured capacities are also
compared to results from a physical model derived from
estimated direction of arrival (DOA) and direction of departure
(DOD), and a statistical model based on the measured antenna
correlations.
The paper is arranged as follows: In Section II the mea-
surement setup is described. Next, in Section III, we review
some aspects of the channel capacity and its derivation from
measured channel transfer function matrices, and describe the
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Fig. 1. Antenna measurement setup showing the receiver array setup parallel
to the LOS (k), and the receiver array setup perpendicular to the LOS (⊥).
capacity results we obtained in our measurement. In Section
IV we then study the DOA and DOD. Finally, in Section V,
we compare the measurements results with the two models
and present the conclusions in Section VI.
II. MIMO CHANNEL MEASUREMENTS
The measurements are performed with a vector network
analyzer (Rohde & Schwartz ZVC) and virtual arrays at
both transmitter and receiver. The environment in which the
antennas are located is a 100 m long and 2 m wide corridor
with concrete walls and ofﬁces lined up on both sides, see
Fig. 1. For each transmit antenna position, the complex transfer
functions were recorded for 12 receive antenna positions, 6
positions with the broadside of the virtual antenna parallel
to the LOS and 6 positions with the broadside perpendicular
to the LOS. 201 frequency points were measured in the
frequency band 5.225 − 5.725 GHz. The measured signal-to-
noise ratio (SNR) was estimated to 19 dB. The transmitter and
the receiver antenna elements of the two synthetic arrays are
omnidirectional wideband conical antennas with a separation
of half a wavelength.
The distance between the transmitter and the receiver was
20 m. Measurements were conducted out of ofﬁce hours
in order to minimize effects of external disturbances to the
channel.III. CHANNEL CAPACITY
A. Theory
In the paper we consider the capacity for a single link in
a ﬂat-fading channel. The input-output relation of the MIMO
system is described by
r = Hs +n, (1)
where r =[ r1 ···rNR]
T is the received signal vector, s =
[s1 ···sNT]
T is the corresponding transmitted signal vector
with mean power E
£
ss†¤
= P/NT, where (·)
† represents
conjugate transpose, P is the total transmit power, NR and
NT is the number of receive and transmit antenna elements re-
spectively, and ﬁnally n is a vector whose entries are complex
uncorrelated white Gaussian noise samples with variance σ2.I f
the transfer matrix, H, is known at the transmitter and receiver
side it can be transformed into a number of independent
Gaussian channels referred to as eigenmode channels [3]. H
is normalized as E
h
kHk
2
F
i
= NRNT. The power gains of the
eigenmode channels are given by the eigenvalues λk of the
correlation matrix HH
†
HH
† = UΛU
†,N R <N T
H†H = VΛV
†,N R ≥ NT
, (2)
where U and V are a unitary matrices, Λ is a diagonal matrix
containing K eigenvalues λk. These eigenvalues are equal
to the squared magnitude of the singular values of H.T h e
number of eigenmode channels K depends of the number of
resolvable multipath components (MPC), L, and the number of
antenna elements at the receiver and the transmitter (K ≤ L).
In order to evaluate the performance of different receiver
array directions, we use the normalized channel capacity (in
bits/s/Hz). For the k :th eigenmode channel it can be expressed
as [10]
Ck =l o g 2
µ
1+
pkλk
σ2
¶
, (3)
where pk denotes the power transmitted on the λk eigenmode
channel, and σ2 is the power of the white Gaussian noise.
The total normalized MIMO channel capacity for a ﬂat fading
MIMO channel is then
C =
K X
k=1
log2
µ
1+
pkλk
σ2
¶
. (4)
The channel capacity depends on the power allocation between
the eigenmode channels. In this paper, uniform power alloca-
tion is considered, i.e., pk = P
K. Additional capacity gains
from waterﬁlling is evaluated in [11], and not considered in
this paper.
B. Capacity measurement results
We calculate the capacity for the different channel realiza-
tions using the measured transfer function matrices. In Fig. 2
the mean capacities for different array sizes (NR = NT) is
shown. Due to the estimated measured SNR of 19 dB, the
capacities are evaluated at a smaller SNR, namely 15 dB. For
comparison purposes the capacities for an independent iden-
tically distributed (i.i.d.) Gaussian channel, and the capacity
for a pure, non-scattering, LOS channel are also plotted.
From this plot, we can make the following observations:
• As expected, the presence of strong LOS results in a
capacity gain that is lower than that of the i.i.d. Gaussian
channel [12].
• The capacity increases linearly with the number of an-
tenna elements, indicating that there is a sufﬁcient number
of strong MPCs providing independent transmission paths
for different data streams.
• We measure a signiﬁcant difference between the capac-
ities achieved by parallel and perpendicular arrays. The
perpendicular array results in a higher capacity gain than
the parallel array. We conclude that for deterministic
channels, with a strong LOS and small angular spread,
the horizontal orientation of the receiver antenna array
c a nm a k eas i g n i ﬁcant difference in the channel capacity
gain. The possible reasons for this observation will be
discussed in the next section.
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Fig. 2. Mean capacity for different array sizes (NR = NT) evaluated at a
SNR of 15 dB.
It is also interesting to study the eigenvalues of the channel
matrix, as it totally describes the channel capacity. In Fig. 3 we
plot the mean of the ordered eigenvalues of the i.i.d. channel,
and of the parallel and perpendicular orientation of the mea-
sured channel. It can be seen that with the array perpendicular
to the LOS the eigenvalues are more evenly distributed. This
explains the larger capacity for this case. The eigenvalue
distribution is of course also affected by the correlation of
the transfer functions between the antenna elements. Since we
have a strong LOS component the correlations are rather large.
The transmit and receive complex correlation matrices for the
two orientations are estimated, with a magnitude of the ﬁrst
column vector of1 2 3 4
-30
-25
-20
-15
-10
-5
0
5
10
15
Ordered eigenvalue
M
e
a
n
 
e
i
g
e
n
m
o
d
e
 
[
d
B
]
i.i.d.
per 5 GHz
par 5 GHz
Fig. 3. Ordered eigenvalues.
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. (6)
As seen in (5) and (6), the receiver correlation is highest
when the broadside of the receive array is parallel to the LOS,
which also explains the large difference between the largest
and second largest eigenvalues for this case. The transmit
correlations are almost equal for the two orientations.
IV. DIRECTIONS OF MULTIPATH COMPONENTS
In order to get a better physical interpretation of the
measurement results, and to form a basis for a physical
model, we estimate the DOD and the DOA from the channel
measurements. The 201 sub-channels measured over 500 MHz
are inverse Fourier transformed to yield the impulse response.
For each of the resulting time sample the 2D unitary ES-
PRIT algorithm [13] is used to ﬁnd the corresponding DOD-
DOA pairs. The source order i.e. the number of MPC to
be estimated for each time sample, is required for the 2D
unitary ESPRIT algorithm, and we estimate the source order
with the maximum-description-length (MDL) algorithm [13].
A conventional beamformer estimates the power for each DOA
and DOD pair.
In Fig. 4 the estimated MPCs down to −25 dB of the LOS
component are plotted. The resolution of a linear array is
higher in the boresight direction than in the endﬁre of the array,
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Fig. 4. Estimated DOD and DOA relative to LOS for the perpendicular
orientation. MPC down to −25 dB of the dominant component are plotted.
thus the resolution of MPCs is higher in the perpendicular
orientation and a lager number of MPC is found for this
orientation.
A. Geometrical analysis
The estimated DOAs and DODs give us important insights
into the propagation process, and their impact on the capacity.
The capacity difference for the two considered array orienta-
tions can be explained by the following observations:
• Scatterers are placed on the opposite walls of the corridor
with the same distance to the receiver array (we call
them mirror scatterers) can not be distinguished with the
orientation parallel to the LOS (see Fig. 1). Thus for this
orientation, two scatterers placed at the same distance
(single bounce) will not result in any additional spacial
dimensions of the MIMO channel. The same mirrored
scatters can be distinguished with the perpendicular ori-
entation, and will therefore result in an additional channel
capacity gain compared to the previous orientation.
• Channel capacity is highly dependent on the correlation
between the receiver antenna elements (when no ’key-
holes’ are present [14]). The correlation between the
elements is determined by the scatter environment and
the ability of the array’s to distinguish between scatters
[4]. Hence, the number of scatters and their distribution
(e.g. DOAs) will affect the channel capacity. A linear
antenna array has a better angular resolution in directions
perpendicular to the broadside of the array than for
directions parallel to the broadside. Hence, in our narrow
corridor, the perpendicular orientation has in average a
larger number of scatters in the ”high resolution area”,
compared to the parallel orientation. This results in a
higher number of spatial degrees of freedom and lower
correlation (5) and (6) for the perpendicular case.
V. MODELS
The properties of the MIMO cannel can be described both
using physical models and using non-physical (statistical)models. In this section we compare the measured capacity
results to capacity calculated by two such models.
A. Physical model
The signal transmitted on a wireless channel propagates
along several paths, due to reﬂections and scattering from
physical objects. Each of the K resolvable multipath compo-
nent (MPC) is delayed in accordance to its excess-delay τk,
and weighted with the proper complex amplitude akejφk.A d -
ditionally, each DOD ΩT,k is connected to the corresponding
DOA ΩR,k.As t a t i o n a r yﬂat fading double directional channel
complex impulse response between transmitter antenna ele-
ment n at location ~ xT,n and receiver antenna element m at
location ~ xR,m, can be expressed as [8]
hm,n =
K X
k=1
h(ΩR,k,ΩT,k) (7)
×gR (ΩR)gT (ΩT)ej 2π
λ h~ e(ΩR,k),~ xR,miejh~ e(ΩT,k),~ xR,ni,
where ~ xR,m and ~ xT,n are the vectors of the chosen element-
position measured from an arbitrary but ﬁxed reference point
on the corresponding array, and where
h(ΩR,k,ΩT,k)= (8)
akejφkδ(ΩR − ΩR,k)δ(ΩT −ΩT,k).
~ e(Ω) denotes the unit pointing vector towards Ω in the
horizontal plane, and
h~ e(Ω),~ xi = |x|sinΩ, (9)
and λ is the wave length. Further, gR(ΩR) and gT(ΩT) are the
antenna element gain responses in the receiver and transmitter.
In our measurements we use omnidirectional antennas, thus
gR(ΩR) and gT(ΩT) are equal to 1 for all ΩR and ΩT.D u e
to the small sub-channel bandwidth relative to the coherence
bandwidth, the ﬂat fading assumption results in the same
excess delay, τk, for all MPCs. Since the channel is stationary
the multipath parameters do not depend on the absolute time.
The complex MIMO channel matrix for the ﬂat fading channel
could then be expressed as
Hmod=



h1,1 ··· h1,NT
. . .
...
. . .
hNR,1 ··· hNR,NT


. (10)
Based on this channel matrix we calculate the capacity.
B. Non-physical LOS model
In [15] the non-physical LOS channel model consists of two
parts: a dominant part modelling the LOS component, HLOS,
and a residual channel Hres. The weighted sum then represents
the LOS model as
Hmod =( 1−α)HLOS + αHres, (11)
where E
h
kHLOSk
2
F
i
= NRNT and E
h
kHResk
2
F
i
= NRNT.
The residual channel matrix is found by projecting the mea-
sured data to the null-space, Hres(m)=Π⊥ (m)H(m),o f
the estimated LOS DOA, which is done for each measured
sub-channel. With the LOS array steering vector deﬁned as
a(Ω)=
£
e−jπ sin(Ω) ··· e−jπNR sin(Ω) ¤
, (12)
the null space becomes
Π⊥= I−
a(ΩR,LOS)aH (ΩT,LOS)
aH (ΩR,LOS)a(ΩT,LOS)
. (13)
Without the dominant path the residual channel is assumed
to have a Rayleigh distribution and its covariance matrix can
then be approximated by the Kronecker product. The residual
channel is now described by
ˆ Hres =
³
ˆ RR
´1/2
G
³
ˆ RT
´T/2
, (14)
where G is a stochastic matrix with complex Gaussian i.i.d.
entries, (·)
1/2 is matrix square root deﬁned as A1/2 ¡
A1/2¢†
=
A. The covariance matrices are estimated as
ˆ RT =
1
MNT
M X
m=1
³
H
†
res(m)Hres(m)
´T
, (15)
ˆ RR =
1
MNR
M X
m=1
Hres(m)H
†
res (m). (16)
The channel matrix is now modelled as the weighted sum of
the rank one LOS matrix and residual channel matrix
ˆ Hmod = (17)
(1 − α)a(ΩR,LOS)(a(ΩT,LOS))
T + α
³
ˆ RR
´1/2
G
³
ˆ RT
´T/2
,
where the weighting factor α is the deﬁned as
α =
v u u t 1
MNRNT
M X
m=1
kΠ⊥ (m)H(m)k
2
F. (18)
C. Comparison of model and measurement
In Fig. 5 the measured capacities and the expected capacities
calculated for the two models are shown. It can seen that
the two channel models are able to identify the effect of
the horizontal orientation. The agreements with the measured
capacities are however not that precise, especially not for
the perpendicular orientation. The physical model is highly
dependent of the angular estimates and the corresponding
power estimates. The performance of the 2D unitary ESPRIT
gets worse with the decrease in angular separation between
MPCs [13]. Since a major part of the strong MPCs arrives
with a small angle separation due to the ’wave-guiding’ effect
of the corridor we might have a poor angular estimate for some
MPCs. The estimation uncertainties together with unresolved
MPCs may results in the discrepancy of the physical model.
The projection to the null space of the LOS direction for
the non-physical model removes not only the LOS component
but also reﬂected MPC arriving in the LOS direction to the10 12 14 16 18 20
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Fig. 5. Physical and non-physical model capacity comparison with the
measured channel for NR = NT =6 .
receiver array. MPC with a DOA close to the LOS component
are signiﬁcantly attenuated by the projection to the LOS’s null
space. This might result in an underestimated correlation for
the residual channel and therefor an overestimated capacity.
VI. CONCLUSIONS
In this paper an analysis of the impact of receiver antenna
horizontal orientation on the channel capacity of a 6 × 6
MIMO system was presented. It has been shown that in a
’wave guiding’ environment such as a long corridor with the
presence of a strong LOS, a signiﬁcant difference in capacity is
observed when the linear receiver array orientation is changed
from parallel to perpendicular (to the LOS). An independent
measurement campain was performed in a subway tunnel [16],
presenting similar results. For the corridor under investigation,
the perpendicular receiver array allows additional spatial di-
mensions of the MIMO channel by distinguishing between
those scatters on the opposite walls of the corridor with the
same distance to the receiver array. The parallel array would
be unable to distinguish between these ’mirrored’ scatters and
hence capacity gain for this orientation is signiﬁcantly lower.
The complex spatial correlation was estimated and the parallel
orientation shows a higher correlation between the receiver
antenna elements compared to the perpendicular orientation.
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